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Abstract
We report the filling kinetics of different liquids in nanofabricated capillaries with rectangular cross-section by capillary force. Three sets o
channels with different geometry were employed for the experiments. The smallest dimension of the channel cross-section was respectively
27, 50, and 73 nm. Ethanol, isopropanol, water and binary mixtures of ethanol and water spontaneously filled nanochannels with inner wall
exposing silanol groups. For all the liquids the position of the moving liquid meniscus was observed to be proportional to the square roo
of time, which is in accordance with the classical Washburn kinetics. The velocity of the meniscus decreased both with the dimension o
the channel and the ratio between the surface tension and the viscosity. In the case of water, air-bubbles were spontaneously trapped a
channels were filled. For a binary mixture of 40% ethanol and water, no trapping of air was observed anymore. The filling rate was highe
than expected, which also corresponds to the dynamic contact angle for the mixture being lower than that of pure ethanol. Nanochannels and
porous materials share many physicochemical properties, e.g., the comparable pores size and extremely high surface to volume ratio. These
similarities suggest that our nanochannels could be used as an idealized model to study mass transport mechanisms in systems where surface
phenomena dominate.
Keywords: Ethanol; Isopropanol; Water; Ethanol–water mixture; Capillary force; Wetting; Filling kinetics; Nanochannels; Porous materialsr
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f1. Introduction
For bionanotechnology, studying single molecules, and
physicochemical phenomena of liquids in the nanomete
scale nanofluidic devices provide a novel tool [1–6]. Down
sizing of fluidic systems is attractive for fundamental stud
ies as well as biosensing [7–9]. For example, nanometer
sized entropic traps were used to separate long, genomic
DNA [2,3]. Nanochannels combined with near-field mi
croscopy could be used to locate genes [10]. Furthermore
by using nanofluidic systems extremely small measuremen
volumes, which provide enhanced detection of enzymatic re
actions, could be obtained [5]. Novel and interesting physic
ochemical and thermodynamic phenomena associated with
liquids confined in nanofluidic systems such as double
* Corresponding author. Fax: +41 (0) 32 7250711.
E-mail address: urs.staufer@unine.ch (U. Staufer).layer overlap [11], negative pressure induced by capillary
force [6], and ion enrichment–depletion effects [12], have
been reported.
A less studied physicochemical effect, which is inher
ent for all nanofluidic devices, is the spontaneous filling
by capillary force. The kinetics of filling by capillary force
was first reported by Washburn in 1921 [13]. The posi
tion of the moving liquid menisci during filling was found
to be proportional to the square root of the filling time
Many reported nanofluidic systems fabricated by micro- and
nanolithography have rectangular cross-section and chan
nel walls are often composed of silicon nitride and sili
con dioxide [6,14,15]. The filling kinetics of channels with
non-cylindrical cross-section was also studied [16–19]. To
our knowledge, the smallest capillary used for kinetic stud
ies weas pulled quartz capillaries with inner diameter o
80 nm [20]. In this article we report how different liquids
fill silicon nitride/dioxide nanochannels, which inner surface
2chemistry mainly consists of hydrophilic silanol groups, by
capillary force. The filling kinetics of wetting liquids fol-
lowed the classical Washburn kinetics. Filling studies using
water and binary mixtures of ethanol and water show phe-
nomena similar to that observed in porous material such as
trapping of the non-wetting phase.
2. Theory
A simple model for the filling kinetics by capillary force
in capillaries with rectangular cross-section is used for this
study. For a capillary with circular cross-section and in-
ner radius of r , the capillary pressure is given as p =
2γ cos θd/r , where γ and θd are the surface tension of the
liquid and the dynamic contact angle, respectively. Accord-
ing to White [21], this equation can be used to calculate
the capillary pressure in capillaries with rectangular cross-
section if r is substituted with the hydraulic radius, rH =
A/s = r/2, where A is the cross-section area and s is the
wetted perimeter. For a rectangular channel rH = A/s =
wd/2(w + d), where w is the width and d is the depth
(Figs. 1 and 2). For our nanochannels, d is small compared
to w, and we approximated rH ≈ d/2. Hence, the capillary
pressure in a rectangular channel is p = 2γ cos θd/d . We
neglect the effects of the static pressure (<1 mbar), which
is justified since the capillary pressure in our nanochannels
was calculated to be above 3 bar. The dynamic filling of a
capillary with circular cross-section by capillary pressure,
assuming the non-slip condition, is given by the Washburn
equation [13]. The meniscus velocity, v, also referred as the
filling rate is given by
(1)v = rγ cos θd
4η
1
l
,
Fig. 1. Pseudo 3-D and cross-section representation of the fabrication
process of a pair of nanochannels. Details are given in Section 3. Note that
the dimensions of the illustration are neither scale nor proportions.where l is the distance between the capillary meniscus and
the capillary inlet, and η is the viscosity of the liquid. To
obtain the meniscus velocity for a capillary with rectangular
cross-section, we substituted the radius with the hydraulic
radius, r = 2rH ≈ d ,
(2)v ≈ dγ cos θd
4η
1
l
= D
2l
,
(3)D = dγ cos θd
2η
.
The meniscus velocity is higher for larger surface tension to
viscosity ratios and channel depth. Integrating the velocity
with respect to time we get
(4)l =
√
dγ cos θd
2η
√
t = √D√t .
The position of the meniscus relates with time as l ∼ t1/2
which is universal for conduits with arbitrary shape, includ-
ing capillaries with rectangular cross-section [17]. The pa-
rameter D, which is independent of time and the meniscus
Fig. 2. Scanning electron microscopy (SEM) images of cross-sections
through nanochannels fabricated by partial etching of a sacrificial layer. The
figure inset in (a) corresponds to a zoom in Fig. 1e, where d is the channel
depth and w is the width. Channel depth and width were measured by SEM.
The black and thin “bars” about 500 nm long (a) and 900 nm long (b) are
the inner cavities of the capillary, and the gray area on the picture is the wall
material. The channels in (a) and (b) are respectively 27 and 50 nm deep.
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3position, can be determined by plotting l versus t1/2 val
ues. The l ∼ t1/2 scaling law originates from the capillary
pressure which pulls the liquid into the channel, and which
remains constant, while the flow resistance increases linearly
irrespectively of the geometry of the channel cross-section
Other parameters, such as the degree of roundness of the cor
ners of rectangular channels [17,19], the layered structure o
the channel walls [22,23], and the time dependency of the
dynamic contact angle [24] that influence the filling rate are
not included in Eq. (2). How these issues influence the filling
kinetics are going to be presented in the discussions.
3. Materials and methods
3.1. Microfabrication process of nanochannels
The nanochannel fabrication process is based on partia
etching of a sacrificial layer [25]. The fabrication process
only requires established micromachining techniques and
does not require any nanolithography. The starting substrates
were 525-µm-thick, 100-mm-diameter 〈100〉 silicon (Si
wafers polished on one side. The Si wafer was cleaned in a
mixture of H2SO4 and peroxide ((NH4)2S2O8) at 120 ◦C fo
10 min, followed by buffered HF (BHF; NH4F:HF = 7:1
for 1 min, and finally in 70% HNO3 at 115 ◦C for 10 min
The wafers were rinsed in doubly deionized (DI) water be
tween the acid treatments. A layer of 2-µm-thick therma
silicon dioxide was grown. A sandwich of silicon nitride
(300 nm) deposited by low-pressure chemical vapor depo
sition (SixNy) and silicon dioxide deposited by chemica
vapor deposition (SiO2) was deposited (Fig. 1a). The depth
of the nanochannels depends on the thickness of the SiO2
layer. Process parameters for SixNy deposition: temperature
800 ◦C, gases: SiH2Cl2 and NH3, pressure 200 mTorr; fo
SiO2 deposition: temperature: 400 ◦C, gases: 2% SiH4 in
N2, and O2, pressure: atmospheric. The fabrication required
two photolithography processes; the wafers were dehydrated
at 200 ◦C for 30 min and subjected to a silanization treat
ment with hexamethyldisilazane. A layer of 1.8-µm-thick
positive photoresist was spin-coated onto the Si wafer and
prebaked for 1 min at 100 ◦C on a hot plate. A chromium
mask with the channel features was aligned to the Si wafer
During the first photolithography, the mask patterns were
transferred to the resist by exposure with UV, followed by
development. After development (1 min) the photoresist was
postbaked for 30 min at 125 ◦C in an oven. The photoresis
served as a mask during the following reactive ion etching
(RIE) process where the patterns were transferred into the
wafer. Etching was stopped on the second layer of SixNy
(Fig. 1b). The sacrificial SiO2 layer was partially unde
etched by BHF followed by rinsing using DI water (Fig. 1c)
The width of the nanochannels was determined by the timed
etch (about 200 nm/min) of the sacrificial layer. The remain
ing photoresist was removed by oxygen plasma. Before the
encapsulation of the nanochannels, the silicon nitride wastreated with oxygen plasma (Tepla 132 from PVA Tepla
Feldkirchen, Germany. Parameters: RF power 1000 W, pres
sure 0.73 mbar, 100 ◦C, 60 min) to create a surface com
posed mainly of silicon dioxide [26,27]. The inner surface o
our nanochannels consisted of a few monolayers of silicon
dioxide exposing silanol groups (Fig. 1d). To seal the chan
nels, a fresh layer of SiO2 (400 nm) was deposited (Fig. 1e)
A second photolithography and RIE process were used to
pattern the access openings to the nanochannels. A second
oxygen plasma process was used to remove photoresist and
create a thin layer of silicon dioxide on the wafer surface
Polydimethylsiloxane (PDMS) O-rings were prepared [28
and sealed reversibly to the access openings to serve as liq
uid reservoirs (Fig. 1f). Fig. 2 shows a cross-section of the
fabricated nanochannels.
3.2. Experimental procedure of the filling kinetic studies
Isopropanol (VLSI grade from Rockwood, Avenches
Switzerland), ethanol (analytical grade from VWR, Le
Lignon, Switzerland), mixtures of ethanol and deionized wa
ter of clean room quality (resistivity >10 M/cm) and Tris
(Fluka, Buchs, Switzerland) buffers spontaneously filled ar
ray of channels by capillary force. We observed the hori
zontally positioned nanochannel arrays using a stereomicro
scope (MZ8 from Leica) with ring-illumination. We pipetted
a few micromilliliters of a liquid into the PDMS reservoi
located on one of the two access openings of a nanochan
nel array. As the array of nanochannels filled, we were able
to see a change in color and contrast because of the differ
ence between the refractive index of air in the vacant chan
nels and the refractive index of the liquid (Fig. 3). Pictures
and real-time movies were taken through a digital camera
(CoolPix 5400 from Nikon, 5.1 million pixels, resolution
Fig. 3. Optical microscope image showing the filling of channel arrays
Each array consists of 40 pairs (Fig. 1), a total of 80 parallel nanochan
nels. Each channel is 900 nm wide, 50 nm deep and 15 mm long. Th
position of the meniscus, l, could be read from the integrated scale (8.5
indicate l = 8.5 mm, each minor division is 100 µm). (a) A channel array i
filled with isopropanol. The thick white arrow indicates the meniscus posi
tion. The darker area below the white arrow is filled and the brighter area i
empty. A few channels were not filled, e.g., middle and left. (b) Water wa
introduced into the channel array and bubbles were trapped during filling
(thin black arrows).
42592 × 1944 pixels, 24 bit color) mounted on the stereomi-
croscope. Computer software Pinnacle Studio, Ver. 8.12.7.0,
from Pinnacle Systems and Corel Draw 11 from Corel was
respectively used for video and image analysis. For the case
of the 27-nm-deep nanochannels it was necessary to digi-
tally enhance the contrast to determine the position of the
meniscus. By reviewing the real-time movies the position
of the meniscus could be read from an integrated scale be-
side the nanochannel array, and the associated time could be
read from the computer software. For ethanol, 40% ethanol,
and isopropanol the position of the common meniscus was
clearly defined (Fig. 3a). It was more difficult to evaluate
the common meniscus for water since there was not a uni-
form filling of the channel arrays (Fig. 3b). Time was set to
0 s as the droplet of liquid entered the PDMS reservoir. The
(t1/2, l) values were read and plotted.
3.3. Scanning electron and fluorescence microscopies
For fluorescence microscopy the channels were filled
with 10 mM rhodamine B (Sigma, Buchs, Switzerland) dis-
solved in ethanol, or 10 mM fluorescein (Fluka, Buchs,
Switzerland) in 10 mM Tris buffer, pH 7.2. The fluores-
cence signal in the nanochannels was imaged with a cooled
CCD camera (CF 8/4 DXC from Kappa, Gleichen, Ger-
many) mounted on an inverted fluorescence microscope with
integrated filter sets (Axiovert S100 from Zeiss).
The depth and width of nanochannels were measured by
scanning electron microscopy (SEM). The instrument was a
XL30 ESEM-FEG from Philips. Samples for SEM imaging
were prepared by cleaving a part of a processed wafer, such
that the cut ran across the nanochannels, exposing a cross-
section of the nanochannels (Fig. 2). To decrease charging
effects a thin layer of AuPd (5 nm) was sputtered onto the
sample before SEM.
4. Results
The kinetics of filling is determined by the liquid, the
surface properties, and the geometry of the channel. We per-
formed two sets of experiments by changing either the liquid
or the channel geometry while we kept the other parameters
constant.
For the first set of experiments, we investigated the fill-
ing in channel arrays using water, ethanol, isopropanol, and
a two-component ethanol and water mixtures. A channel ar-
ray has 80 parallel channels and it is at least 15 mm long. The
individual channels in an array are 50 nm deep and 900 nm
wide. The experiments were done under ambient condition
(21–25 ◦C) without using temperature control. During water
filling experiments, bubbles spontaneously appeared inside
the channels (Figs. 3 and 4). Apart from water, the varia-
tion of the meniscus position within a channel array was
about 1% of the filled length. Each filling experiment wasFig. 4. Arrays of channels were filled using 10 mM rhodamine B dissolved
in ethanol (a) and 10 mM fluorescein in 10 mM Tris buffer, pH 7.2 (b). Pic-
ture inset in (b) shows a magnification of a bubble trapped inside a channel.
The distance between two adjacent channels (thin bright lines) is 10 µm.
The scale bar is 40 µm. The pictures were taken with a cooled CCD camera
using 640 ms of integration time, maximum gain and same contrast set-
tings. The fluorescein filter set has a higher fluorescence background, and
it is more sensitive to scattered light than the rhodamine set. Since the sur-
face of the substrate is not flat because of the fabrication process (Fig. 1)
the elevated surfaces are brighter than the lower surfaces.
Fig. 5. Filling kinetics of water, ethanol, 40% ethanol, and isopropanol. For
each liquid three channel arrays were filled. As each channel array was filled
the meniscus position and associated time values were recorded. The three
circular legends (!, ", #) are filling experiments using ethanol, and each
legend represents data from one filling experiment. The triangular (P, ,
e), the square legends (2, 1,E) and the legends (+, ', %) correspond to
filling experiments using 40% ethanol, isopropanol, and water, respectively.
performed in a fresh channel array to avoid any contamina-
tion. The meniscus position l and the associated time were
read as the channels filled (Fig. 3a). The square root of time
and the associated meniscus position data were plotted, and
data points were fitted using a linear function.
For all the liquids we tested, the position of the menis-
cus was observed to be proportional to the square root of
the time needed to fill the channel array (Fig. 5), which is in
accordance with the classical Washburn kinetics. The fill-
ing rate, which is proportional to the square of the slope
of the linear fit D, is higher for ethanol than isopropanol.
This observation is in agreement with Eq. (2), since the ratio
between surface tension and viscosity is higher for ethanol
(Table 1). D was obtained for each filling experiment and the
5Table 1
Summary of filling experiments in Figs. 5 and 6 and tabulated surface tension and viscosity values at 20 ◦C [29]
Channel depth (nm) Channel width (nm) Liquid Surface tension (dyn/cm) Viscosity (cP) D (mm2/s) SDa θd Time to fill 10 mmb
50 900 Water 72.9 1.00 0.677 0.02 68 2 min 28 s
50 900 EtOH 22.8 1.20 0.300 0.002 50 5 min 33 s
50 900 Isopropanol 23.8 2.26 0.156 0.01 53 10 min 40 s
50 900 40% EtOH 32.0 2.76 0.229 0.01 38 7 min 17 s
27 500 EtOH 22.8 1.20 0.177 0.004 46 9 min 25 s
73 600 EtOH 22.8 1.20 0.402 0.02 55 4 min 9 s
D is the square of the slope obtained from linear fits of data plotted in Figs. 5 and 6.
a Standard deviation of D is based on three measurements performed on the same day.
b The time to fill channels 10 mm is the extrapolated using the fitted D values.s
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,Fig. 6. Filling kinetics of ethanol in channels with different depth. For each
channel depth three channel arrays were filled. As each channel array wa
filled the meniscus position and associated time values were recorded. Th
three triangular legends (P,,e) are filling experiments using 73-nm-deep
channels, and each legend represents data from one filling experiment. Th
rectangular (2, 1, E) and the circular legends (!, ", $) correspond to
filling experiments using 50- and 27-nm-deep channels, respectively.
dynamic contact angle, θd, was calculated using Eq. (3) and
tabulated values (Table 1). The tabulated values are valid fo
20 ◦C [29]. Each measured D given in Table 1 is an average
of three filling experiments performed on the same day. The
standard variation of D for each liquid is less than 4%. Fo
water, θd is 68◦. For ethanol and isopropanol, θd is respec
tively 51◦ and 54◦, and for a 40% (v/v) mixture of ethano
and water, θd is 38◦.
In the second set of experiments, we selected ethanol as
the test liquid, and studied channels of 27, 50, and 73 nm
deep. The experimental conditions were the same as in the
first set of experiments. Washburn kinetics was observed fo
all channel depths. In agreement with Eq. (1) the filling rate
decreased with channel depth. Data sets of l and t1/2 were
plotted in Fig. 6, and the obtained D values are listed in
Table 1. The dynamic contact angle is 46◦ for 27-nm-deep
channels and 54◦ for 73-nm-deep channels.
The time needed to fill the channels using different liquids
and channel depth is also given in Table 1. Depending on theparticular liquid and channel depth the time to fill 10-mm
long channels tooks from 2 to 10 min.
5. Discussion
5.1. Filling kinetics of isopropanol, ethanol, and 40%
ethanol in water
We quantitatively studied ethanol, isopropanol, and a
two-component mixture (40% ethanol (v/v) in water) in 50
nm-deep and 900-nm-wide channels. The results we ob
tained were in accordance with the classical Washburn re
lation, the l ∼ t1/2 scaling law. This result also implied
that the dynamic contact angles remained independent from
time for our experiments. For many times our results were
in agreement with studies in nanometer-sized quartz cap
illaries [20]. Sobolev et al. showed that the dynamic con
tact angle in nanometer-sized quartz capillaries remained
independent from time for meniscus velocities larger than
5 µm/s, which is three times smaller than the lowest menis
cus velocity (15.6 µm/s for ethanol in 27-nm-deep channels
l = 10 mm) in our studies. Since our time scale is far above
the seconds, dynamic contact angle changes during the ini
tial filling, studied using large-scale molecular dynamic sim
ulation of pore imbibition [24], could not be observed in ou
experiments.
We calculated the dynamic contact angle by inserting the
fitted D values, and the tabulated values for surface ten
sion and viscosity, into Eq. (3). The values we obtained fo
the dynamic contact angles were all significantly larger than
the equilibrium contact angles measured using a drop shape
analysis system from Krüss (Germany). We could only form
standing droplets using water on silicon nitride and silicon
oxide surfaces. The equilibrium contact angle was abou
10◦ for water and close to zero for the other liquids. Ex
periments performed by Sobolev et al. [20] showed also a
huge difference between the equilibrium and dynamic con
tact angle. It was observed in capillaries with radii of abou
50 nm, that the dynamic contact angle of water increased
from 30◦ to 70◦ as the meniscus velocity increased from 0
to 8 µm/s which is slightly smaller than our smallest menis
cus velocity (15.6 µm/s for ethanol in 27-nm-deep channels
l = 10 mm). In our experiments, θd was 68◦ for water, which
6agrees well with the experimental data obtained in quartz
capillaries [20]. For ethanol, θd was smaller than the dy-
namic contact angle for water which was in accordance with
measurements made in glass capillaries with an inner ra-
dius of 0.295 mm [30]. The θd for the 40% ethanol water
mixture was 38◦, which was significantly smaller than θd
for both water and ethanol. We would expect the θd for the
mixture to be between that of ethanol and water. There are
two possible explanations, either θd is really larger than ex-
pected, or the other parameters in the D of Eq. (2) changed.
The dynamic contact angle between a fluid and a surface
is dependent on the van der Waals forces. Hence, both the
silicon dioxide, which is in a direct contact with the liq-
uid, and the underlying silicon nitride influence θd [22,23].
However, it would be very surprising if the layered silicon
oxide/nitride surface had a profound effect for the mixture
compared with pure liquids. We look at Eq. (2) for other ex-
planations. Firstly, as mentioned by Dong and Chatzis [17],
the filling rate is dependent on the roundness of the corners
of capillaries with rectangular cross-section. For the filling
of water, ethanol, isopropanol, and 40% ethanol the same
set of channels (50 nm deep) was used, and therefore the in-
fluence due to the roundness of the corners was the same
for all the liquids. Hence, the geometry of the cross-section
could not explain the relatively higher filling rate. The re-
maining parameters which influence D are the depth, the
viscosity, and the surface tension. The depth of our chan-
nels, like the roundness of the corners, which only depend
on the geometry, would not explain the deviation. Finally, an
increase of the ratio between the surface tension and the vis-
cosity, γ /η, would also increase the filling rate. According
to tabulated viscosity and surface tension values for ethanol–
water mixtures [29], 30% ethanol in water mixture has a
larger γ /η value than the 40% ethanol we used to fill our
nanochannels. This might hint that the ethanol content inside
the nanochannels is lower than in the initial mixture, which
implies a chemical selectivity of the nanochannel toward wa-
ter. Porous membranes, that are used to separate mixtures
of ethanol and water by pervaporation, exhibit similar prop-
erties as our nanochannels [31]. Such membranes are more
permeable for water than ethanol, and of more water than
ethanol entering the membrane. Also our channels and these
membranes both have hydrophilic inner surface and simi-
lar pore size. The geometry of our nanochannels is uniform
while pores in membranes are less well-defined. Arrays of
nanochannels could hence serve as an idealized model sys-
tem to achieve a better understanding of complicated trans-
port and separation mechanisms in membrane materials.
5.2. Filling long nanochannels with water and trapping air
We also filled nanochannels using different aqueous solu-
tions. In contrast to ethanol and isopropanol, the filling was
very inhomogeneous and bubbles appeared spontaneously.
With time the size of the bubbles diminished. Inhomoge-
neous filling and bubbles were also observed using fluores-cence microscopy (Fig. 3b). The position of the common
meniscus evolved with time corresponds to the Washburn
kinetics, however, we do not know how individual channels
are filled. Channels were also filled using other mixtures of
ethanol and DI water (9%, 18%, ethanol) for which we still
observed bubble formation. We were able to fill the channels
uniformly without introducing bubbles using 40% ethanol,
which generates a lower capillary pressure than pure water
when introduced in our nanochannels.
Hibara et al. also observed inhomogeneous filling of wa-
ter, but they did not observe any air trapping. This is not in
contradiction to our observations, since their channels were
only 100 µm long [16], and we only observed a few bubbles
for every millimeter after the channels were filled (Fig. 3b).
Similar trapping of the non-wetting phase (air in our case)
during imbibition (injecting a wetting fluid) is a well-known
phenomenon in porous media [32,33]. In the range of in-
termediate to high flow rates, the amount of the trapped
non-wetting phase decreases with capillary pressure [33],
which is in accordance to our observations. The dimensions
between adjacent particles in porous media are comparable
to the depth and width of our channels. Therefore, nanochan-
nels could also prove useful as a model system for studying
wetting of porous materials under this aspect.
5.3. Washburn kinetics in channels with different depth
To our knowledge, 27-nm-deep channels are the smallest
channels where filling kinetics by capillary force was stud-
ied. This was only possible because of the recent advances
in the innovative development of cost-effective fabrication
methods of nanochannels [15,25,34–36]. The filling rate de-
creased with diminishing channel depth (Fig. 5), which is in
accordance with Eq. (2). The l ∼ t1/2 relation was observed
for channels down to about 27 nm. Other filling kinetics
studies of channels with rectangular cross-section were per-
formed with much larger channels. Yang et al. reported the
marching velocity of capillary menisci in 500-nm-deep sili-
con nitride channels [18]. Hibara et al. reported filling kinet-
ics in 300-nm-deep channels fabricated in fused silica [16].
Both investigated channels of rectangular cross-section and
they also observed the l ∼ t1/2 relation. Sobolev et al. made
kinetics studies in channels with circular cross-section us-
ing pulled quartz capillaries with diameters so small as
80 nm [20]. None of the filling studies in nanochannels in-
cluding ours showed any clear signs of abrupt physicochem-
ical changes such as phase transitions [37].
6. Conclusions
Using a novel and inexpensive technique, we fabricated
nanochannels with which we performed filling kinetics stud-
ies using different liquids in capillaries down to 27 nm.
The position of the moving liquid meniscus during filling
was observed to be proportional to the square root of time
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7needed for filling, which corresponded to the classical Wash
burn filling kinetics. For pure liquids such as ethanol and
isopropanol the experimental results agreed with the theo
retical model based on filling by capillary force. For two
component ethanol–water mixtures significant deviation to
ward higher filling rates were observed. We conclude there
fore that nanochannels may have a chemical selectivity to
ward water compared to ethanol. However, we cannot ex
clude that the deviation may also be caused by the dynamic
contact angle of the mixture being smaller than that of pure
ethanol or water. Moreover, we observed trapping of the non
wetting phase (air) during filling with water, which was also
observed by others in porous materials. The extreme surface
to area ratio of our nanochannel is comparable to pores in
membrane materials. The high uniformity of the presented
nanochannels could be used as an idealized model to study
highly complex mass transport mechanisms in porous mate
rials.
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